are secreted by human macrophages after activation by interferon-γ. The biological stability of the reduced pterins is less than one hour and therefore distinctly lower than that of neopterin. Ptendme derivatives are known to act as enhancers as well as scavengers of radical mediated processes. The effects of the three pteridines were investigated on hemoglobin and myoglobin, biomolecules that generate reactive oxygen species themselves. The amounts of liberated carbon monoxide and non heme iron stemming from the cleaved porphyrin were quantified. Iron and carbon monoxide were yielded at equimolar concentrations with a con-elation coefficients greater 0.9. Dihydroneopterin and tetrahydroneopterin were assumed to reduce the heme iron in intact heme molecules creating the conditions for adducting carbon monoxide and additionally the subsequent generation of hydroxide radicals via autooxidation. The effect of neopterin under these experimental concentrations was rather weak.
Introduction
Pteridines are pyrazino-pynmidine compounds which are synthesized by the cleavage of guanosine triphosphate. The first intermediate of the biosynthetic pathway, 7,8-dihydroneopterintriphosphate is either converted to 7,8-dihydroneopterin and neopterin or to 5,6,7,8-tetrahydrobiopterin (1) . The latter is known to be an essential cofactor for hydroxylation reactions or nitric oxide synthase (2) .
The biosynsthesis of pteridines starts in excess in human macrophages after stimulation by interferon-γ (3), intermediate steps of neopterin-synthesis are the production of 7,8-dihydroneopterin and 5,6,7,8-tetrahydroneopterin (4) . The diagnostic value of neopterin has been established in autoimmune diseases, rejection of transplanted organs, malignant diseases, infectious diseases such as AIDS and hepatitis (5) , while the biological function of the reduced derivatives, dihydro,-and tetrahydroneopterin remain not yet fully understood.
The electronic structure of pteridine derivatives has become more elucidated by an ab initio quantum chemical computation of pterin, dihydropterin and tetrahydropterin demonstrating profound changes in the electronic properties among these structurally closely related compounds (6) . The structures and different states of electronic charge density of neopterin, dihydroneopterin and tetrahydroneopterin have been described intensively in earlier publications (6, 7) . Due to their chemical structure pteridine derivatives are involved in radical-mediated processes; aromatic pteridines such as neopterin enhanced radical-mediated processes, while reduced pterins were able to scavenge free radicals at low concentrations (7, 8) . Otherwise, tetrahydrobiopterin undergoes autooxidation, thereby generating superoxide radicals (9) .
A recent studies could demonstrate that dihydro- neopterin in a concentration of only 50 μΜ is able to yield hydroxylation products of salicylic acid via generation of free hydroxyl radicals. The rate of this reaction is accelerated in the presence of iron (10) . Heme proteins, biomolecules involved in the very basic functions of oxygen carriage and electron conducting can react with oxygen, hydroperoxides and other oxygen donors. Oxyhemoglobin is known to undergo a slow, but spontaneous redox-reaction, in which the heme iron is oxidized to the ferric form and oxygen is reduced to superoxide. Oxyhemoglobin is changed into methemoglobin (11) .
Myoglobin is formed to metmyoglobin by oxidative damage, too (12) .
7,8-Dihydroneopterin is assumed to reduce the heme iron in intact protein molecules, thereby preparing the conditions for binding of oxygen and carbon monoxide as ligands. Beyond that, hydroxyl radicals might be generated via reduction of molecular oxygen to superoxide anion in the autoxidative process and dismutation to hydrogen peroxide and subsequent Fenton reaction (13) .
Experiments with a preparation of cytochrom P450 from rat liver microcrosomes demonstrated that the ability to degrade aminoantipyrin was significantly decreased in the presence of aromatic pterins at low concentrations (14) . At higher concentrations, however, the reduced pteridme derivatives, namely dihydroand even more tetrahydrostructures, decreased the Soret band in a preparation of cytochrome P450 cam from Pseudomonas putida (15) . Simultaneously an increase of the CO-form of was observed, indicating an adduction of CO to still intact cytochrome Ρ 450 molecules. This carbon monoxide is generated from the cleaving of the porphyrin ( 16) .
This study was performed to investigate the effects of increasing concentrations of neopterin, dihydroneopterin and tetrahydroneopterin on the porphyrin degradation of hemoglobin and myoglobin by detecting the liberation products carbon monoxide and non heme iron.
Materials and Methods

Reagents
Neopterin, 7,8 dihydroneopterin and 5,6,7,8-tetrahydroneopterin were obtained from Schirck's laboratory (Jona, Switzerland).
Human hemoglobin (H 7379) and myoglobin from horse heart ( M 1882) were purchased from Sigma (Vienna, Austria). Non heme iron in the commercial preparations was estimated by the bleomycin assay (17) to be less than 0,5 nmol per assay. TRIS and sodium dithionite were obtained from Merck (Darmstadt, Germany). All solutions were made with nanopure water under air (Millipore, Bedford, MA, USA).
Spectral analysis
Were performed on a Hewlett Packard diode-array spectrophotometer HP 8453 (Hewlett Packard, Vienna, Austria).
Protein concentrations were determined at 408 nm, ε = 1,88. 10 5 M" 1 cm 1 (18) .
Incubation assays: 20 mg protein per ml were dissolved in TRIS-buffer, 50 mM, pH 7,4 as a stock solution. 10μ1 of this stock solution was added to a cuvette to yield a final volume of 2.0 ml. Neopterin was dissolved in 40 % methanol / TRIS-buffer, the reduced pterines were dissolved in TRIS-buffer and added to give final concentrations of 40, 80 and 160 μΜ. Spectra were recorded at 0, 5, 10, 15, and 30 minutes after pterin addition and calculated as carbon monoxide difference spectrum. Concentrations of carbon monoxide were determined by detecting ferrous carbon monoxide complex of myoglobin and hemoglobin as described. Estimation of non heme iron was performed with 100 μΐ of the same protein stock solution in the same time scale with the bleomycin assay.
Computations
The effects of the concentrations of the three pteridine derivatives on the kinetics of the release of carbon monoxide and non heme iron were evaluated by fitting the data with a simple exponential function of the form:
a(t)is the time dependent amount of the yielded products. a max is the finally reached amount of these products and k is the rate constant. Fitting of the parameters a max and κ was performed with the "Scientist" program (MicroMath, Inc., Salt Lake City, Utah, USA). The comparison of the liberated porphyrin cleavage products non heme iron and carbon monoxide was calculated by linear regression and correlation analysis.
Results
Spectral analysis
The Soret band of the heme proteins investigated was measured to be at 408 nm. The decrease of the Soret band during the incubation period of 30 minutes was distinctly decreasing in the presence of the reduced pteridine derivatives tetrahydroneopterin and dihydroneopterin. The effect of neopterin on the peak height of the Soret band at all three concentrations was Pteridines/Vol. 13/No. 4 only weak. The incubation of the pteridine derivatives caused the appearance of a "shoulder" at 423 nxn, which indicated the carbon monoxide bound form. This was proven comparing a control cuvette with heme protein reduced with dithionite and gassed with carbon monoxide. The carbon monoxide difference spectrum showed this peak even more distinctly. Simultaneously the absorbance at 370 nm (porphyrin) and at 280 nm (aromatic amino acids) increased (18) . Fig. 1 shows the carbon monoxide difference specnm wavelength Figure 1 . CO -difference spectra calculated from spectroscopic scans of myoglobin incubated with neoptein (a), 7,8-dihydroneopterin (b) and 5,6,7,8-tetrahydroneopterin (c). The peaks are identified as CO-adducts. tra from metmyoglobin with 160 μΜ neopterin, 7,8-dihydroneopterin and 5,6,7,8-tetrahydroneopterin. The peak at 423 nm is highest in the presence of tetrahydroneopterin, followed by dihydroneopterin and it is weakest at the assay with neopterin.
Effects of the pteridine derivatives on the liberation of carbon monoxide and non heme iron
The liberation of carbon monoxide and non heme iron was compared by linear regression analysis. The nmol CO Figure 2 . Linear regression analysis of carbon monoxide versus iron liberation from myoglobin in the presence of 5,6,7,8-tetrahydroneopterin. The regression line is shown with the 95% confidence interval. generation of both products is essentially equimolar with regression coefficients between 0.95 to 0.9S. Fig. 2 shows this correlation in the presence of 5,6,7,8-tetrahydroneopterin.
In the case of dihydroneopterin both products increase in a dose dependent manner.
However, increasing concentrations of neopterin and tetrahydroneopterin do not significantly enhance the liberation of the porphyrin cleaving products. The effects of the pteridine derivatives on the generation of carbon monoxide and non heme iron were evaluated from the single measured data. From these fits time constants and maximum concentrations were calculated. Neopterin caused the yielding of carbon monoxide and non heme iron at maximal concentrations of about 2 nmol. The time rate, however, raised from 0.01 to 0.04 nmol per minute with increasing concentrations.
Increasing concentrations of dihydroneopterin in the assay resulted in higher concentrations of carbon monoxide and non heme iron, the time rate, however, was only modestly enhanced.
The presence of tetrahydroneopterin itself initiates a rapid and distinct generation of the porphyrin metabolites from hemoglobin as well as from myoglobin. Maximal kinetic rate was calculated to be between 10 and 12 nmol at all three concentrations, the time rate is about 0.15 to 0-2 nmol per minute. This data are shown in the Tab. 1.
Discussion
The presence of the reduced pteridine derivatives dihydro-and tetrahydroneopterin leads to a réduction of Fe 3+ to Fe" in both heme proteins as a condition for carbon monoxide adduction. Tetrahydroneopterin is more effective than dihydroneopterin. The quantum chemical studies of the three pterins show unambiguously that the electron density of N2' is similar to that of pyrrole-like nitrogens. Reduced pteridins loose their aromatic character. N8 in 7,8-dihydroneopterin and N5 and N8 in 5,6,7,8-tetrahydroneopterin remain within the molecular plane, and their lone electron pairs interact with the aromatic p-electron system as N2 ' and N3 (6) . Moreover, tetrahydrobiopterin was calculated for its torsional potential energy (19) .
Our study shows that both reduced pterins at the named concentration (40 μΜ up to 160 μΜ) support the degradation porphyrin from heme proteins, while the effect of neopterin in comparison is rather weak.
In our experiment it was carefully controlled that traces of iron did not reach more than 0.5 nmol per assay. A recent study could show that 7,8 dihydroneopterin in concentrations higher than 50 μΜ is able to yield hydroxylation products of salicylic acid via I 19 generation of free hydroxyl radicals from oxygen. The time rate of this reaction is enhanced in the presence of iron ions (10, 20) . Also the radical enhancing effects of neopterin were described with a need of iron ions.
Γη the presented study no defined amount of iron was added because of the expected liberation of iron from porphyrin. The modest, but significant increase of the time rate yielding carbon monoxide and iron ions with increasing concentrations of the reduced pteridine might be attributed to the available ionic iron.
Neopterin is the most stable substance of the three pteridines investigated. It is excreted by the urine as a not metabolised substance (5) . In this in vitro assay it shows only weak effects on the liberation of porphyrin products. The calculated maximum concentrations indicates a duration of porphyrin degradation of several hours.
Activated human macrophages do not only produce neopterin, dihydroneopterin and tetrahydroneopterin, even more they generate superoxide in concentrations tip to 600 μΜ (12) . The named pteridines are yielded simultaneously with the oxidative burst of a macrophage, probably enhancing radical induced processes even at higher kinetic rates in the presence of iron, that is ubiquitously available in living systems.
These findings might explain the following phenomena: patients staying m a hospital for longer time develop chronic inflammatory disorders together with anemia (21) . High levels of neopterin correlate well with the degree of anemia (22) . The "teamwork" of these three named substances with iron containing biological molecules might accumulate or regulate the radical induced effects and will be topic of further investigations.
